Zinc calcium phosphate (Zn-Ca-P) coating and cerium-doped zinc calcium phosphate (Zn-Ca-Ce-P) coating were prepared on magnesium alloy AZ31. The chemical compositions, morphologies and corrosion resistance of the coatings were investigated through EDS, XPS, XRD, EPMA and SEM together with hydrogen volumetric and electrochemical tests. The results indicated that both coatings predominately Corresponding author: Rong-chang ZENG; Tel: +86-0532-80681226; E-mail address: rczeng@foxmail.com contained crystalline hopeite (Zn 3 (PO 4 ) 2 ·4H 2 O), Mg 3 (PO 4 ) 2 and Ca 3 (PO 4 ) 2 , and traces of non-crystalline MgF 2 and CaF 2 . The Zn-Ca-Ce-P coating was more compact than the Zn-Ca-P coating due to the formation of CePO 4 , and displayed a better corrosion resistance than the Zn-Ca-P coating. Both coatings protected the AZ31 substrate only during an initial immersion period. The micro-galvanic corrosion between the coatings and their substrates led to an increase in HER with extending immersion time. Addition of Ce promoted the homogenous distribution of Ca and the formation of the hopeite. The Zn-Ca-Ce-P coating has the potential for the primer coating on magnesium alloys.
Introduction
Magnesium alloys have become the preferred alternative structural materials in the aerospace and automobile industries due to their low density, high strength-to-weight ratio and recyclability [1, 2] .
However, their applications are hindered, to a certain degree, because of their low corrosion resistance [3, 4] . Thus, considerable measures have been taken to improve the corrosion resistance of magnesium alloys.
In addition to alloying [5] , post processing and surface treatments including chemical conversion [6] , anodic oxidation [7, 8] , electroplating [9] , electroless plating [10] , thermal spraying [11] , magnetron sputtering [12] , organic coating [13] , ion implantation [14] as well as laser processing [15] and their composite coating [16] have been used. In particular, chemical conversion coatings such as the chromium [17] , phosphate [17] , phosphate-potassium permanganate [18] , rare earth [19] [20] [21] , stannate [22] , silane [23, 24] and phytic acid [25, 26] together with fluorozirconate [27] and layered double hydroxides (LDH) [28, 29] are regarded as the most effective approaches to protect magnesium alloys. Unfortunately, chromium conversion coatings are highly toxic and are carcinogenic [3] . Thus, environmentally friendly conversion coatings are required.
Currently, scientists are interested in rare earth and phosphate conversion coatings due to their environmentally friendly characteristics. Rare earth conversion coatings, formed by adding rare earth salts such as cerium, nitrate and lanthanum nitrate into chemical conversion baths, lead to a remarkable increase in the corrosion resistance of magnesium alloys [3, [30] [31] [32] . Moreover, the rare earth conversion film is utilized as the precursor for micro-arc oxidation (MAO) to obtain a cerium-containing coating. Additionally, it is found that the pre-treatment of the AZ91D alloy can effectively incorporate cerium oxides into the MAO coating and improve the performance of the MAO coating [33] .
Phosphate conversion coatings are regarded as suitable alternatives to chromate conversion coatings because of their low toxicity and appropriate properties [34] . To date, there are six types of phosphate conversion coatings on magnesium alloys [35] : the Zn-P system [36] [37] [38] [39] , the Mn-P system [18, 40, 41] , the barium phosphate (B-P) system [42] , the molybdate phosphate (Mo-P) system [43] , the Zn-Ca-P system [35, 44] and the cerium phosphate (Ce-P) system [45] . Usually, Zn-P coating contains two layers [37, 46, 47] with AlPO 4 , MgF 2 , Mg 3 (PO 4 ) 2 and MgZn 2 (PO 4 ) 2 [38] . The formation of the Zn-P coating is affected by the microstructure (i.e., intermetallic compounds) of the substrate alloys [37] . The Mn-P coating on AZ91D alloy is prepared at a temperature of 80 °C [40] . And the Mo-P coating formed on AZ31 magnesium alloys consists of mixed phases of Mg(OH) 2 , MoO 2 , MoO 3 , and MgF 2 [43] . Our previous studies [48, 49] demonstrated that the introduction of Ca 2+ ions into a zinc phosphate bath can promote the formation of a Zn-Ca-P coating and refine the microstructure of the coating, thus improving the corrosion resistance of the AZ31 alloy. Moreover, a crystalline Zn-Ca-P coating with a more fine-grained structure provides a superior corrosion resistance to that of the Zn-P coating on the AZ31 alloy. The formation and corrosion resistance of the Zn-Ca-P coating are significantly influenced by its microstructure as well as the chemical composition of the Mg-Al alloy [50] . A further exploration revealed that the optimum temperature of a phosphating bath is 55 °C for the Zn-Ca-P coating on a Mg−Li−Ca alloy [51] . However, the microstructure of the Zn-Ca-P coating on magnesium alloys still needs further improvement. Additionally, its corrosion mechanism is not yet well understood.
This paper aims to modify the microstructure and improve the corrosion resisting property of the Zn-Ca-P conversion coating by doping with cerium and to gain insight into the formation and corrosion mechanism of the Zn-Ca-Ce-P coated alloy.
Experimental

Preparation of coatings
The experimental material was commercial rolled AZ31 alloy For the preparation of the Zn-Ca-Ce-P coating, 1.0 g/L Ce(NO 3 ) 3 was added to the solution mentioned above. The bath pH value was adjusted to 2.5 by adding phosphoric acid. All samples were immersed in the phosphating bath at 50 °C for 20 minutes.
Hydrogen evolution tests
The corrosion rate of the substrate and its coatings can be monitored by the hydrogen evolution volume. The evolved hydrogen volume was read per hour during an immersion period of 24 h in 3.5 wt. % NaCl solution at room temperature. The hydrogen evolution rate (HER) can be calculated by the equation
where V H is the hydrogen evolution volume (ml), s is the exposed area (cm 2 ) and t is the immersion time (h).
Surface analysis
The morphologies of the coatings before and after corrosion testing were observed using a scanning electron microscope (SEM, KYKY-2800B). The cross-sectional microstructures and energy-dispersive X-ray spectrum (EDS) were inspected by an electron probe micro-analyser (EPMA, JXA-8230). The composition of the coatings was identified by X-ray diffraction (XRD, D/Max 2500PC) and X-ray photoelectron spectroscopy (XPS).
Results
Surface morphologies
The surface morphologies of the Zn-Ca-Ce-P and Zn-Ca-P coatings are shown in Fig. 1 . The
Zn-Ca-Ce-P coating had a long, ridge-like crystalline structure (approximately 1-2 μm thick) and short, flake-shaped crystalline precipitates with particles embedded between the ridges (Fig. 1a) . The Zn-Ca-Ce-P coating on the cross-sectional view (Fig. 1b) reveals that it contains a double-layer structure, an outer layer with a ridge-like crystalline microstructure and an inner layer with a compact microstructure with micro cracks. However, no through cracks were found on the whole Zn-Ca-Ce-P coating (Fig. 1b) . It is worth noting that the Zn-Ca-P coating resembles a flower-like morphology with a refined microstructure and cracks, which were obviously observed among the flower-like structures (Fig. 1c ). This result was in agreement with our previous study [50] . However, the Zn-Ca-P coating has considerable through cracks ( Fig. 1d) , which led to a reduction in the compactness of the Zn-Ca-P coating and its adhesion to the substrate. located in the outer layer of the Zn-Ca-P coating. The contents of Zn and P in the Zn-Ca-Ce-P coating are higher than that in the Zn-Ca-P coating (Table 1 ). In comparison with the Zn-Ca-P coating, obviously, the higher concentration of Zn may be attributed to its higher crystallinity of the Zn-Ca-Ce-P coating. This result suggests that a high amount of hopeite covered the Zn-Ca-Ce-P coating. The elemental mappings from a cross-sectional perspective (Fig. 3) show that the contents of Mg, P
Chemical compositions and constitutions
and O in the interior layer are significantly higher than in the exterior layer, but their concentration in the exterior layer of the Zn-Ca-Ce-P coating is lower than that of the Zn-Ca-P coating. It can be concluded that Mg 3 (PO 4 ) 2 is located in the inner layer of coating. This result is consistent with our previous investigation [49] . It is worth noting that the content of Zn in the exterior layer of the coatings is considerably higher than that in the interior layer, indicating that a high amount of hopeite deposited on the surface. The distribution of Ca is more homogeneous in the Zn-Ca-Ce-P coating than in the Zn-Ca-P coating (Fig. 3) .
The element Ce was not detected by EDS due to its lower content. This novel finding demonstrates that the introduction of Ce 3+ ions promotes the homogeneity of the Ca distribution. Further investigations by XRD confirm this finding, too. The XRD patterns for both coatings are quite different from each other (Fig. 4) . The peak for the α-Mg The compositions of the two coatings were probed by XPS to prove the existence and ascertain the form of cerium salts. The XPS spectra of the two coatings are depicted in Fig. 5 . Fig. 5a shows that the Zn-Ca-Ce-P coating mainly consists of Mg, Zn, P, O, F, Ca and Ce, while Fig. 5b indicates that the Zn-Ca-P coating includes Mg, Zn, P, O, F and Ca. Meanwhile, the presence of C may be due to adventitious hydrocarbons from the environment. 6 shows the high-resolution XPS spectra of the Zn, P, Ce and O elements on the Zn-Ca-Ce-P coating. The high-resolution spectra of Zn 2p (Fig. 6a) (Fig. 6b) . The Ce 3d peaks reveal the presence of CePO 4 (Fig. 6c) . The high-resolution spectrum of O 1s also confirms this result (Fig. 6d) . According to results of the XPS spectra [3, 45, 49, 53] , the peak positions and corresponding compounds were listed in Table 2 . As with the Zn-Ca-P coating, the high-resolution spectra of Zn, P, Ca and O in the Zn-Ca-P coating are depicted in Fig. 7 . Apparently, the spectrum of Zn 2p shown in Fig. 7a is consistent with that shown in Fig.   6a (Fig. 7b) . The high-resolution spectrum of Ca 2p can be decomposed into two peaks assigned to Ca 2p 3/2 and Ca 2p 1/2 peaks (Fig. 7c) , and the Ca 2p 1/2 peak is the satellite peak. The Ca 2p 3/2 peak was assigned to CaF 2 , Ca 3 (PO 4 ) 2 and CaHPO 4 . The O 1s peak shown in Fig. 7d is in good agreement with the Zn, P and Ca peaks. The results not only agree with the EDS and XRD results but also further identify the presence of CePO 4 in Zn-Ca-Ce-P coating. 
Discussion
Formation mechanism of the Zn-Ca-Ce-P coating
The formation of the Zn-Ca-Ce-P coating may be different from the Zn-Ca-P coating that we previously studied [50] because of the introduction of Ce(NO 3 ) 3 . Once magnesium alloys are immersed in an acidic phosphating bath, the α-Mg phase adjacent to the intermetallic compounds such as AlMn particles [49, 50] preferentially corroded according to the following electrochemical reactions (Fig. 8a) :
Ce 3+ ions were oxidized to Ce 4+ in the weakly acidic solution [54] , leading to the formation of Ce(OH) 4 precipitates (Reactions (4) and (5)). Therefore, a CePO 4 precipitate (Fig. 8b) 
The stability of CePO 4 is higher than that of Ce(OH) 3 , especially in acid solution. The formation of CePO 4 (Fig. 6c) promoted the compactness of the Zn-Ca-Ce-P coating by reducing the amount of water trapped in the crystal [53] .
At the same time, magnesium phosphate ( Fig. 8c) , calcium phosphate (Fig. 8d ) and tetra-hydrated zinc phosphate (Fig. 8e) formed on the surface of the alloy [48] [49] [50] :
Zn 3 (PO 4 ) 2 ·4H 2 O is the main component of the Zn-Ca-P coating [49] . Once the hopeite (Zn 3 (PO 4 ) 2 ·4H 2 O) initially formed, Reaction (11) would not be interrupted until the film covered the whole surface (Fig. 8f) .
Our previous work has proved that traces of MgF 2 and MgO may form as reaction (13) - (14) [52].
Meanwhile, CaF 2 and CeF 3 also formed:
Additionally, during the phosphating process, Zn 2+ could obtain the electrons coming from the dissolution of magnesium and might therefore become single zinc and deposit on the surface [36, 48, 52] :
Nevertheless, Zn could not stay in the aggressive environment for a long time. It transformed into ZnO via the following reactions [52] :
Consequently, Zn 3 (PO 4 ) 2 ·4H 2 O and ZnO were detected by XRD in the Zn-Ca-P coating.
According to above discussion, the formation process of the Zn-Ca-Ce-P coating followed six steps: (1) the dissolution of the α-Mg matrix around the AlMn phase and release of hydrogen (Fig. 8a) , (2) the nuclei of cerium phosphate formed initially and uniformly in solution (Fig. 8b) , (3) the nuclei formation of magnesium phosphate (Fig. 8c) , (4) calcium phosphate formed, and precipitated on surface of alloy with cerium phosphate, promoting the uniform formation of the dispersive nuclei of calcium phosphate (Fig. 8d), (5) the formation of zinc phosphate precipitates (Fig. 8e) , (6) the coalescence of zinc phosphate precipitates mixed with calcium phosphate and cerium phosphate, and the formation of a crystalline zinc phosphate coating (Fig. 8f) . 
Corrosion mechanism of the Zn-Ca-Ce-P coated alloy
Based on the corrosion resistance derived from the hydrogen evolution (Fig. 9) , the HERs of both coatings continuously increased with increasing immersion time, whereas the HER of the substrate did not rise until an immersion time of 6 h and descended successively and slowly. Fig. 9 shows that the corrosion processes of the coatings and substrate followed three stages: (I) both of the coatings had a lower corrosion rate than the substrate in an immersion time of 11 h; (II) the Zn-Ca-P coating had the highest corrosion rate, while the Zn-Ca-Ce-P coating had the lowest; and (III) the corrosion rates of both coatings were higher than that of the substrate after immersion for 17 h.
At stage I, both of the coatings had a lower corrosion rate than the substrate because of the protection from the phosphate coating. A similar observation was also reported in our previous study [49] and by Li [31] . The rapid increase in the HER of the substrate during the initial stage is attributed to the dissolution of magnesium. However, at stages II and ІІІ, after the formation and thickening of the Mg(OH) 2 precipitate, which inhibited the attack from Cl -ions, the HER of the substrate subsequently exhibited a slow decrease.
In these stages, the HERs of the Zn-Ca-Ce-P and the Zn-Ca-P coatings surpassed that of their substrates, which were associated with the existence of coating defects such as voids and micro-cracks (Figs. 1b and   1d ).
Fig. 9
Hydrogen evolution rates of the substrate and its coatings in 3.5 wt. % NaCl solution. , E corr of the Zn-Ca-Ce-P and the Zn-Ca-P coatings were higher and the corrosion current density, I corr were lower than that of the AZ31 alloy (Table 3) . Especially, the I corr of the Zn-Ca-Ce-P coating decreased by almost of one order of magnitude. This result was in pronounced accordance with the HER, indicating the Zn-Ca-Ce-P coating and the Zn-Ca-P coatings protected the alloy in initial immersion stage effectively. Zn-Ca-Ce-P coating -1.43 4.50×10 -5 The localised exfoliation or detachment of the coatings (marked by an arrow in Fig. 11 ) could occur [46] and the substrate exposed to the solution. The Zn-Ca-Ce-P coating had less cracks than the Zn-Ca-P coating, and the exposed area of the substrate in the Zn-Ca-Ce-P coating were smaller (Fig. 11a) than those in the Zn-Ca-P coating (Fig. 11b) . The Zn-Ca-Ce-P coating thus had a lower corrosion rate than the Zn-Ca-P coating. Zn-Ca-Ce-P coating, (b) the Zn-Ca-P coating.
The schematic diagram in Fig. 12 illustrates the corrosion mechanism of the Zn-Ca-Ce-P-coated alloy.
After immersed in 3.5 wt. % NaCl solution, the corrosion process could be divided into three stages. In stage I, water rapidly diffused into the coating, and then the defects and micro-cracks inside the coating could provide a path for the penetration of water and Cl -ions into the substrate (Fig. 12a) . In stage ІІ, the secondary phase/substrate interface was exposed to the solution. AlMn phase, having a higher corrosion potential than the α-Mg [55] , acted as the micro cathode; whereas the Mg substrate acted as the micro anode. Micro-galvanic corrosion thus occurred, resulting in the formation of Mg(OH) 2 with a prolonged period of immersion (Fig. 12b) . In stage ІІІ, the formation of Mg(OH) 2 sealed the voids and cracks of the coatings with extended immersion time. Unfortunately, corrosion still occurred in the sealed cracks and some of the coating peeled off due to the continuous generation of H 2 underneath the coating. More substrate was exposed to the solution and accelerated its corrosion rate (Fig. 12c) . In view of the HERs of the coated alloys, the corrosion initiation of the Zn-Ca-Ce-P coated alloy was significantly delayed relative to the Zn-Ca-P coated alloy. This consequence implies that the chemical conversion coating could hardly protect the substrate from the corrosion for a long immersion time.
Fig. 12
Corrosion mechanism of the Zn-Ca-Ce-P coated AZ31 magnesium alloy.
Conclusions
The Zn-Ca-Ce-P and Zn-Ca-P coatings have been successfully fabricated on the AZ31 alloy. It is concluded as following:
1) The Zn-Ca-Ce-P coating displayed a more compact double-structure with a ridge-like inner layer and a flake-like outer layer, while the Zn-Ca-P coating had a flower-like morphology with a considerable number of cracks and defects. And both coatings contained traces of noncrystalline products. The Zn-Ca-P 2) The introduction of Ce promoted the homogeneous distribution of Ca, the nuclei formation of hopeite, the compactness of the Zn-Ca-Ce-P coating, and thus resulting in a better corrosion resistance than the Zn-Ca-P coating. Both Zn-Ca-Ce-P and Zn-Ca-P coatings improved the corrosion resistance of the AZ31 substrate only over a limited immersion period.
3) The continuous decrease in the corrosion resistance of the coatings was attributed to the presence of micro cracks and through-voids inside the coatings. Micro-galvanic corrosion occurred between the secondary phases and the magnesium substrate, leading to an enlargement in the exposed area of the substrate, and thus an increase in HER over immersion time.
